Hyperglycaemia has been shown to play a central part in diabetic vascular disease, which is also influenced by individual background. Hyperglycaemia initiates the pathogenetic sequence through a series of interrelated biochemical abnormalities, including increased flux through the polyol and hexosamine pathways, oxidative stress, AGE formation and protein kinase C activation. These abnormalities are capable of modifying the function of resident and non-resident vascular cells by changing their production pattern of several autocrine and paracrine factors, including growth, vasoactive and coagulation factors and adhesion molecules. These mediators profoundly impair the physiologic turnover of the vessel wall, thus leading to an abnormal process of vascular remodelling, with alterations in cell and matrix turnover and contacts, vascular tone and permeability and coagulation pattern. This process has distinct features depending on the target tissue. The hallmark of nephropathy is an abnormal accumulation of extracellular matrix within the mesangium, sustained by an upregulation of TGF-b, possibly triggered by a local activation of the renin-angiotensin system. The central pathological lesion in retinopathy is retinal ischaemia due to the formation of acellular capillaries. The resulting vascular endothelial growth factor-dependent neovascularization is a detrimental phenomenon leading to the formation of noncompetent vessels. Conversely, in macrovascular disease, arterial occlusion resulting from plaque formation with superimposed thrombosis elicits an angiogenic response which is impaired, but generates competent vessels, potentially compensating for reduced flow. Thus, upstream interventions interrupting the pathogenetic sequence at the level of hyperglycaemia (and related biochemical events) are the most effective, whereas downstream interventions should be targeted to the tissue affected. [Diabetologia (2001) 44: 674±692] 
Introduction
Diabetic vascular disease represents a major cause of mortality and morbidity in diabetic patients. Large surveys, such as the DCCT [1] and the United Kingdom Prospective Diabetes Study (UKPDS) [2] , have clearly and conclusively demonstrated that hyperglycaemia plays an important part in the pathogenesis of vascular complications. However, the contribution of increased glucose concentrations to the development and progression of microvascular lesions is central, whereas several factors, in addition to hyperglycaemia, participate in the pathogenesis of macrovascular disease.
Clinical manifestations of microvascular and macrovascular involvement in diabetes include retinopathy, nephropathy and accelerated atherosclerosis, possibly leading to blindness, renal failure, myocardial infarction, stroke and limb amputation. These target organ manifestations show common pathological characteristics underlying all vascular diseases; however, each complication also has some specific features depending on the tissue(s) involved, with important implications for prevention and treatment. This diversity is supported by the distinct epidemiological characteristics of vascular complications. They occur with a different prevalence in diabetic subjects, ranging from 30 % of nephropathy to 80 % of retinopathy in patients with Type I (insulin-dependent) diabetes mellitus [3] and also according to the type of diabetes, macrovascular disease being more common in patients with Type II (non-insulin-dependent) diabetes mellitus than in those with Type I diabetes [4] . Moreover, vascular complications can be present all together or occur separately, with 17 % of diabetic patients suffering only from cardiovascular disease and 25 % from retinopathy [5±7] . Conversely, when nephropathy develops, there is usually some degree of retinopathy and cardiovascular disease present. The incidence of vascular complications also varies with the site involved. Macroangiopathy is sometimes present at the time of diagnosis, particularly in Type II diabetic patients [4] , whereas microvascular disease usually develops several years after the onset of diabetes [8, 9] . However, while the incidence of retinopathy increases with diabetes duration, that of nephropathy reaches a peak after about 15 years and declines thereafter.
The question arises as to why and how hyperglycaemia produces such a diverse range of scenarios. If we go back along the pathway leading to diabetic vascular disease, we can establish that all its manifestations underlie an unregulated process of tissue remodelling, which is sustained by an abnormal expression pattern of factors regulating tissue homeostasis, occurring at the level of resident and non-resident vascular cells. This sequence of events is not specific for diabetic vascular disease, because it is also operating in other degenerative and inflammatory conditions not related to diabetes but it is specifically triggered by hyperglycaemia and the biochemical and metabolic abnormalities associated with it. The rate of development and the severity of vascular injury are also dependent on the individual background; as a result, some people show only initial lesions, whereas others progress towards end-stage disease, despite a similar degree of metabolic derangement. In this article, we will follow this track forward and review the most recent findings describing the itinerary that starts from hyperglycaemia and ends with the unregulated vascular remodelling underlying diabetic vascular disease, with particular attention to the specific features of its various manifestations.
Individual background
Both genes and the environment contribute to the impaired glucose regulation leading to hyperglycaemia, with their complex and yet undefined interaction resulting in a reduction of insulin secretion and/or sensitivity. Recently, it has been shown that although reduced insulin secretion and sensitivity both contribute to the subsequent occurrence of diabetes in the non-diabetic population, subjects with insulin resistance are at higher risk for cardiovascular disease than subjects with impaired beta-cell secretory function [10] . This seems to be confirmed by a large survey in the Japanese population indicating that the possible clinical counterpart of insulin resistance, i. e. IGT, is associated with increased cardiovascular mortality, as compared with IFG, which might be dependent on a defect of insulin secretion capacity [11] .
The relation between insulin-resistance and macroangiopathy could account for the finding of established cardiovascular disease in Type II diabetic patients at the time of diagnosis [8, 9] and, possibly, the failure of tight control to prevent this complication [1, 2] . In these patients, abnormalities such as dyslipidaemia and hypertension, which are part of the socalled metabolic syndrome, together with IGT or diabetes, can precede hyperglycaemia and affect vessels independently of it [12] . Reduced insulin signalling through certain transduction pathways results in impaired peripheral action, whereas stimulation from increased insulin concentrations through unaffected pathways leads to an enhanced hormonal effect. Preliminary results indicate that activation of nitric oxide synthase, an anti-atherogenic property of insulin [13] , might be depressed in resistance states, whereas production of the pro-atherogenic, anti-fibrinolytic factor plasminogen activator inhibitor 1 (PAI-1) might increase in response to hyperinsulinaemia [14] .
Other factors could specifically modulate the impact of hyperglycaemia on the vessel wall by either favouring the injurious effect of diabetes or protect-ing the vasculature from it, at any level of the pathogenetic sequence. The genetic nature of this susceptibility (or resistance) has been suggested by the observation of a familiar clustering of vascular complications, which could not be explained by familiar sharing of an environmental risk factor. The importance of genetic factors has emerged predominantly for renal [15] and cardiovascular [16] disease. Genes coding for proteins involved in the regulation of blood pressure, extracellular matrix (ECM) and glucose metabolism are believed to play a role in the pathogenesis of diabetic vascular disease. Due to the conflicting results of linkage studies, none of these genes has so far been identified as being able to confer prediposition to complications; however, mounting evidence indicates that certain polymorphisms of the aldose reductase (AR) [17] and angiotensin-converting enzyme (ACE) [18] genes could be involved.
Hyperglycaemia and associated biochemical and metabolic abnormalities
The injurious effects of hyperglycaemia are characteristically observed in tissues which are not dependent on insulin for glucose entry into the cell and, hence, are not capable of down-regulating glucose transport along with the increase of extracellular sugar concentrations. Glucose uptake has been reported to be increased in mesangial cells exposed to high glucose media via upregulation of Glut-1 expression [19] and transfection of these cells with Glut-1 cDNA has been shown to mimic the effects of hyperglycaemia at normal glucose concentrations [20] .
Under normal conditions, the bulk of glucose is metabolised through the glycolytic pathway and the pentose shunt. When hyperglycaemia occurs, glucose disposal through these pathways tends to increase [21] . In addition, an increased amount of glucose is converted into sorbitol, via the polyol pathway, normally operating for converting aldehydes into alcohols at physiologic glucose concentrations [22] ; glucosamine-6-phosphate (GlcN-6P), via the hexosamine pathway and the glucosamine-fructoseamidotransferase (GFAT) enzyme [23]; diacylglycerol (DAG), via its de novo synthesis from glucose [24] , and triglycerides, whose concentrations increase also due to the contribution of insulin deficiency and/ or resistance. Part of the excess sugar reacts non-enzymatically with proteins or other circulating and tissue constituents, thus increasing the physiologic rate of non-enzymatic glycation [25] . Moreover, glucose undergoes auto-oxidation resulting, together with free radical generation from several enzymatic and nonenzymatic reactions, into oxidative stress [26] .
Accumulation of intermediates of these pathways has been shown in vitro, in cell culture systems when exposed to high glucose concentrations, and in vivo, in tissues from experimental animal models of diabetes and human patients. A large body of experimental evidence has indicated that all these biochemical and metabolic consequences of hyperglycaemia are involved in mediating the injurious effects of hyperglycaemia. Reproduction of selected biochemical abnormalities has mimicked functional and structural changes observed in the tissues targets of diabetic vascular disease and the pharmacological blockade of these pathways has resulted in the prevention or retardation of vascular complications in experimental diabetic animals. These results have prompted the start of human trials using these agents. Some of these trials have already been completed, whereas others are still underway. Data available, so far, would not appear to be in agreement with results of animal studies, possibly from inadequate trial designs, in terms of number of patients and the stage of the disease at which intervention is started. In addition, the duration and dosage of the treatment used could not be sufficient for obtaining complete and persistent blockade of the target pathway within the tissue [17] . On the other hand, this finding could be related to the multifactorial nature of vascular disease; this could require the simultaneous blockade of more than one process or the identification of the central alteration and its relation with the other abnormalities. Indeed these biochemical and metabolic consequences of hyperglycaemia are not independent phenomena but, rather, they are strictly interrelated and potentiate between each other. An important corollary of this scenario is that one of these abnormalities could represent a crossroad from which all the others originate or at which they converge; hence, blocking this upstream or downstream alteration with proper inhibitors would interrupt the cascade of events triggered by hyperglycaemia.
Polyol pathway activation and the ªreductive stressº hypothesis. Polyol pathway-dependent alterations in the cytosolic redox state could potentially account for increased free radical generation, AGE accumulation, protein kinase C (PKC) activation and hexosamine formation (Fig. 1) . Under condition of hyperglycaemia, the flux through the polyol pathway is greatly increased and the reduction of NADPH concentrations coupled to glucose conversion into sorbitol by AR causes depletion of reduced glutathione (GSH) and oxidative stress [27] . Moreover, sorbitol oxidation to fructose by sorbitol dehydrogenase (SD) is associated with increased NADH/NAD + ratio, which has been referred to as ªreductive stressº or ªhyperglycaemic psesudohypoxiaº, because it mimics the redox changes observed in ischaemia [22] . The increase in NADH drives the reaction catalysed by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) towards glyceraldehyde-3-phosphate (GA-3P), which is the precursor of the AGE-forming compound methylglyoxal (MGO) and also of the endogenous PKC activator DAG. In addition, the blockade of the glycolytic route at the level of GA-3P conversion into 1,3-diphosphoglycerate by GAP-DH as well as the increased fructose formation by SD cause the activation of the hexosamine pathway with conversion of fructose-6-phosphate (F-6P) into GlcN-6P by the GFAT enzyme. The increased glucose flux through the polyol pathway is also accompanied by myoinositol depletion, altered phosphoinositide turnover, decreased calcium concentrations, and reduced Na + /K + -ATPase activity, which might contribute to vascular complications [21] .
A major criticism to this scenario is that it seems to occur only in tissues where the activity of AR is high, such as the nerve. This is in keeping with the reported efficacy of AR inhibitors (ARIs) in preventing diabetic neuropathy in experimental animals [28] and the encouraging results obtained with these agents in initial human trials on this complication [29] . On the contrary, in vascular tissues, the low AR activity does not seem to be sufficient to reduce GSH and increase oxidised glutathione (GSSG) concentrations [30] Oxidative stress as single unifying mechanisms. An alternative hypothesis has been recently proposed indicating oxidative stress as a single unifying mechanism linking the various biochemical pathways triggered by hyperglycaemia [39] . The initial event would be the enhanced generation of reactive oxygen species (ROS) occurring at the mitochondrial level as a consequence of the increased intracellular glucose metabolism (Fig. 2) . Under these conditions, the increased proton gradient produced by the accelerated electron flow through the respiratory chain associated with excess glucose disposal is capable of generating ROS, as shown by the prevention of ROS production with an inhibitor of mitochondrial complex II or uncouplers of oxidative phosphorylation in bovine aortic endothelial cells cultured in high glucose containing media [40] . The blockade of ROS production by manganese superoxide dismutase and an inhibitor of pyruvate transport [40] indicated that the oxygen free radical produced is superoxide (O 2 ± ) and that the major source of it is pyruvate, which is generated by glycolysis and then transferred into the mitochondria for oxidation by the tricarboxylic acid or Krebs' cycle. Increased O 2 ± production would in turn be responsible for the increased glucose flux through the polyol pathway, AGE accumulation, PKC activation and hexosamine formation produced by hyperglycaemia, together with nuclear factor kB (NF-kB) activation [39] . This was demonstrated by the prevention of increased sorbitol and MGO concentrations and PKC and hexosamine pathway activity by normalisa- Fig. 1 . Polyol-pathway-dependent induction of oxidative stress, AGE formation, PKC activation and hexosamine accumulation. AR, aldose reductase; SD, sorbitol dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFAT, glucosamine-fructose-amidotransferase; GlyK, glycerol kinase; 1,3-DPG, 1,3-diphosphoglycerate; GA-3P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; Gly-3P, glycerol-3-phosphate; Gly, glycerol; DAG, diacylglycerol; PKC, protein kinase C; MGO, methylglyoxal; GSH, reduced glutathione; GSSG, oxidised glutathione; ROS, reactive oxygen species; F-6P, fructose-6-phosphate; GlcN-6P, glucosamine-6-phosphate; GlcNAc-6P, acetylglucosamine-6-phosphate;
GlcNAc-1P, acetylglucosamine-1-phosphate; UDP-GlcNAc, UDP-acetylglucosamine tion of mitochondrial O 2 ± production in the same in vitro model [40] . The mechanism by which enhanced O 2 ± concentrations increase the activity of polyol pathway is linked to its ability to quench nitric oxide, which downregulates the rate-limiting enzyme AR by modifying a cysteine residue in its active site. GAPDH inhibition by O 2 ± would be responsible for the increased formation of MGO, GlcN-6P and DAG, the latter occurring also by phospholipase D activation [39] .
Based on this hypothesis, the use of an antioxidant which is capable of blocking excess O 2 ± production at the mitochondrial level would be the ideal approach to vascular complications of diabetes. The use of the antioxidants nitecapone [41] and d-a-tocopherol [42] was found to prevent albuminuria in rats with experimental diabetes. Antioxidants were also effective in diabetic neuropathy [43] , whereas less convincing results have been forthcoming in experimental retinopathy, which was only slightly affected by antioxidant nicanartine [44] . Several studies have now been carried out in humans with the use of several different antioxidants. Controversial results have, however, been obtained [45±47], possibly because type, dosage and route of administration of these agents is critical for achieving the therapeutic goal.
One pitfall of this hypothesis could be that the electrons carried by mitochondrial NADH produced by pyruvate oxidation in the tricarboxylic acid cycle are donated to complex I, whose inhibition with rotenone failed to prevent O 2 ± production [40], and not to complex II, which is fuelled by FADH 2 . Another possible criticism is that AGEs are formed from non-oxidative reactions. Indeed, generation of MGO by fragmentation of GA-3P is favoured by oxidative stress through GAPDH inhibition, but can occur also under nonoxidative conditions, at variance with production of glyoxal, pentosidine and carboxymethillysine [48] . Moreover, if MGO is the main AGEforming compound intracellularly, at least in endothelial cells [40] , other AGE-forming compounds have been found in diabetic tissues, including deoxyglucosones deriving from non-oxidative decomposition of the Amadori product [48] .
AGEs and the ªcarbonyl stressº hypothesis. The ªcar-bonyl stressº hypothesis postulates that reactive carbonyl precursors of AGEs are formed from both oxidative and non-oxidative reactions from an increase of substrate availability and/or a decrease in the efficiency of detoxification systems [48] (Fig. 3) . Carbonyl substrates are carbohydrates, such as glucose, fructose, triose phosphates and ascorbate, which increase in diabetes, and lipids, which are increased in dyslipidaemias, thus explaining the detection of increased circulating and vascular tissue AGE concentrations in these two conditions; also proteins can be a source of carbonyls. Even in the absence of increased substrate availability, such as in uremia, AGEs can accumulate, possibly due to increased oxidation. Another explanation for the increased AGE concentrations observed in heterogeneous pathological conditions, such as diabetes, atherosclerosis, uremia, Alzheimer's disease and dialysis-related amyloidosis, is a deficiency in (or overload on) pathways of detoxification of reactive carbonyls [48] . These pathways include the GSH-catalysed rearrangement of dicarbonyls to hydroxyacids by glycoxalase, the NADPH-dependent reduction of aldehydes to alcohols by AR and their NAD + -dependent oxidation to carboxylic acids by aldehyde dehydrogenase [48] . Shifts in the GSH:GSSG, NADPH:NADP + and NADH:NAD ratios occurring in diabetes might be responsible for the impairment in the detoxification mechanisms favouring AGE formation. Aldose reductase blockade with selective inhibitors would result also in impaired detoxification of reactive carbonyls, suggesting a possible explanation for the failure of these agents to prevent microvascular lesions in long-term experimental diabetes. Based on this hypothesis, carbonyl compounds increase in diabetes as a result of both excess glucose disposal through multiple biochemical routes, which deplete cofactors for detoxification systems and provide increased amounts of substrates for non-oxidative generation of carbonyls, and oxidative stress, which favours their formation from autoxidation of glucose and early glycation products. Dyslipidaemia, frequently occurring in diabetic subjects, represents an additional source of carbonyl compounds. In addition to those forming from reaction of carbonyls with amino groups of proteins, lipids, glucoconjugates and nucleic acids, exogenous AGEs can be introduced with the diet, thus contributing to the overloading of the detoxification systems [49] . AGEs can induce both direct and indirect effects which appear to be relevant to the development of vascular lesions [50] . The direct effects include trapping of circulating macromolecules and cross-linking of irreversibly glycated tissue constituents [25] . The indirect effects of AGEs are mediated by cell surface receptors, which are coupled to signalling pathways leading to the activation of transcription factors and the modulation of gene expression; the AGE-receptor-mediated pathway is involved also in the removal of AGEs by receptor-mediated internalisation followed by intracellular degradation [50] . The use of aminoguanidine, which blocks AGE formation by interacting with the Amadori-derived fragmentation products [51] , was proven to be successful in preventing experimental diabetic nephropathy [52] Table 1 ). This extreme heterogeneity of AGE receptors could imply binding or functional specificity or both. It is still not known, however, whether or not different AGE structures bind different receptors and whether or not these receptor molecules play distinct functional roles; alternatively, not all these receptors might be relevant to AGE binding in vivo [62] . At present, RAGE is believed to mediate AGE-induced cell activation via induction of ROS production and stimulation of p21(ras)-dependent mitogen-activated protein kinase (MAPK) and its downstream targets, NFkB and the AP-1 complex [63, 64] . In fact, the soluble fragment of RAGE and an antibody raised against this receptor were shown to suppress accelerated atherosclerosis induced by diabetes in the susceptible apoE-null mice [65] and to prevent vascular dysfunction induced by diabetic erythrocytes [66] . On the contrary, the MSR seems to also play a relevant role in vivo, being involved mainly in AGE removal, as shown by the reduced uptake of oxidised LDL by monocytes-macrophages from a null mouse carrying a mutation in the MSR-A gene [67] . AGE-R1/p60, AGE-R2/p90, and AGE-R3/galectin-3 interact with each other and seem to behave as an AGE-receptor complex, with the former implicated predominantly in AGE uptake and degradation and the latter two in cell activation and receptor regulation [68] . Recently, we have reported that galectin-3 is not expressed at the glomerular and/or mesangial level under normal conditions, but becomes expressed with aging, and that the diabetic milieu induces galectin-3 expression, which occurs earlier and to a greater extent than during normal aging [69] . Moreover, mice knockout for galectin-3 develop accelerated diabetic glomerulopathy associated with more marked AGE accumulation, as compared with wild-type animals [70] . These data indicate that also galectin-3 plays a substantive role as an AGE-receptor in vivo and that this AGE-receptormediated pathway functions as a protective mechanism towards AGE-induced tissue injury, as opposed to that through RAGE.
Recently, a growing body of evidence suggests that also Amadori products could participate in mediating cytokine and matrix changes induced by diabetes at the glomerular level, possibly via structurally distinct cell surface receptors [71] . Amadori-modified albumin was shown to induce TGF-b1 and its type 2 receptor, together with matrix proteins, in cultured mesangial [72] . Anti-glycated albumin antibodies prevented these changes [72] as well as nephropathy occurring in db/db mice [73] .
PKC activation as final common pathway. Persistent activation of PKC might also operate as a final common pathway mediating tissue injury induced by hyperglycaemia and associated biochemical and metabolic abnormalities [24] . It results primarily from enhanced de novo synthesis of DAG from glucose via triose phosphates, whose availability is increased because of the enhanced glucose flux through the polyol, hexosamine, pentose and glycolytic pathways [24] . Furthermore, both the increased cytosolic NADH:-NAD + associated with sorbitol oxidation to fructose [21] and GADPH inhibition by ROS [38] could divert GA-3P away from the glycolytic route and towards dihydroxyacetone phosphate and DAG. Finally, recent evidence suggests that the enhanced activity of PKC enzyme could also result from the interaction between AGEs and their cell surface receptors [74] .
Prevention of microvascular and neuropathic complications in diabetic animals using the selective b 2 isoform PKC inhibitor LY333 531 provided experimental support to this hypothesis [75±77]; human trials are currently in progress. A potential limitation of this approach is that the PKC isoforms implicated in the increased enzyme activity differ according to the tissue target of complication. In fact, though most reports show that the b isoform is activated in vascular tissues [78±80], studies in aortic endothelial cells have indicated that the a isoenzyme might be preferentially affected at this level [81] .
The hexosamine pathway and glucose toxicity. A growing body of evidence indicates that also the increased flux through the hexosamine pathway might be an important crossroad, at which all the other biochemical pathways triggered by hyperglycaemia converge to favour GFAT activity by providing increased amounts of the substrate F-6P and impairing its oxidation through the glycolytic route. Glucotoxicity by hexosamines include both the mediation of the injurious effects of hyperglycaemia [23] and the induction of insulin resistance [82] , which is known to impact independently on vessels.
The GFAT-dependent increase in tissue hexosamine concentrations causes translocation of PKC a, b and e isoenzymes, as shown in cultured mesangial cells [83] . Moreover, it induces increased O-linked glycosylation and reduced serine-threonine phosphorylation of the transcription factor Sp1 resulting in its activation with expression of the cytokines TGF-b1 and PAI-1, as shown in bovine aortic endothelial cells [84] . Studies in cultured mesangial cells indicated that TGF-b1 and matrix overproduction could be mediated by the hexosamine pathway, because the effects of high glucose were mimicked by d-glucosamine and blocked by GFAT inhibition [85] . Moreover, hexosamines feed back on glucose transport, thus reducing glucose utilisation, possibly due to altered PKC-mediated Glut-4 translocation and/or trafficking [86] . Transient vs sustained increase of blood glucose concentrations. At present, no single unifying mechanism linking all these biochemical abnormalities has been conclusively determined, though significant improvements in the knowledge of the interrelations between these pathways have been made. It is possible that each of these abnormalities or proposed sequence of biochemical events plays a different role depending on the tissue target of complication, on substrate availability, as well as on the cofactor concentration and enzyme activity. This could explain the different role of polyol pathway-dependent changes at the neural and vascular level. Another possibility, which has recently gained consideration [87] , is that the relevance of the different biochemical mechanisms might vary with the trend of increases of blood glucose throughout the day. Repeated hyperglycaemic peaks, such as those occurring postprandially or after a hypoglycaemic episode, induce acute metabolic imbalances, which rapidly reverse upon restoration of euglycemia. These changes include polyol, hexosamine and DAG pathway activation as well as oxidative stress resulting from mitochondral O 2 ± generation. A sustained increase of glycaemia is associated with cumulative changes in long-lived macromolecules, which persist despite a return to normal glucose concentration. The formation of AGEs is the major mechanism involved in mediating these chronic alterations, though accumulation of some of these products within the cell can occur after a few hours and can be favoured by acute metabolic imbalances impairing the activity of detoxifying enzymes. Recently, a new mechanism has been proposed explaining the phenomenon of hyperglycaemic memory, i. e. the persistence of biochemical alteration after normalisation of glycaemia. Repeated hyperglycaemic peaks producing acute bursts of mitochondrial O 2 ± production might in fact cause mutations in mitochondrial DNA, which could be responsible for the perpetuation of ROS generation by the respiratory chain at physiologic concentrations of glucose and reducing equivalents derived from its intracellular metabolism [38] .
Mediators of hyperglycaemia-induced injury
Evidence indicates that hyperglycaemia and the associated biochemical and metabolic abnormalities are capable of modifying the function of resident and nonresident vascular cells by signalling through specific sensors or receptors. These cells include endothelial, mesangial and smooth muscle cells, pericytes, platelets, lymphocytes and monocyte-macrophages, change the production pattern of a series of cytokines, which, in turn, influence the function of the producing cells and those surrounding them, by acting in an autocrine and a paracrine fashion.
These mediators include growth factors, vasoactive agents, coagulation factors and adhesion molecules (Fig. 4) .
Several studies in experimental animal models and cell culture systems have attempted to evaluate the role of various autocrine and paracrine factors in diabetic vascular disease. To establish such a role, it would be necessary to demonstrate that (1) the local synthesis and/or action of a certain cytokine are actually increased in diabetic vascular disease; (2) the cytokine is capable of inducing functional and structural changes in the target tissue mimicking those observed in the diabetic condition; and (3) blocking the expression of the cytokine or the receptor(s) mediating its effects can prevent or attenuate the complication [88] . At present, experimental evidence indicates that several autocrine and paracrine factors could be involved in the pathogenesis of diabetic vascular disease, although no single factor has yet been identified as to the causative in the development of this complication.
High glucose concentrations and cytokine alterations. When vascular cells are exposed to high glucose concentrations, a number of cytokine alterations can be detected. Both peptide and mRNA expression of TGF-b are increased in mesangial cells grown in high glucose; under these conditions, the bioactivity of this growth factor is increased as well [89] . Concentrations of IGF-I peptide and IGF-I and II mRNA expression also increased in this in vitro model and these changes were associated with increased IGF-I receptor number and reduced IGFBP production, possibly implying an overall activation of the mesangial IGF system under experimental conditions mimicking hyperglycaemia [90] . An upregulation of vascular endothelial growth factor (VEGF) gene expression has been found in retinal endothelial cells and pericytes grown in high glucose [91] .
Among vasoactive agents, nitric oxide has been shown to vary with the duration of exposure of endothelial cells to high glucose, with concentrations of nitrites-nitrates and endothelial isoform of nitric oxide synthase that are increased after short term incubation [92] and reduced upon chronic exposure to hyperglycaemic media [93] . Endothelin-1 (ET-1) was also shown to be increased by high glucose in retinal endothelial cells and also in pericytes [94] . Eicosanoid production appears to be influenced as well under hyperglycaemic conditions. Reduced concentrations of the vasodilatory prostanoid prostaglandin (PG) E 2 and unchanged concentrations of the vasoconstrictor eicosanoids thromboxane (TX) B 2 , the stable metabolite of TXA 2 , and PGF 2a were shown after prolonged exposure of mesangial cells to high glucose concentrations [95] , whereas increased production was reported in mesangial cells incubated in high glucose for short time periods [96] .
An increased gene expression of tissue plasminogen activator (PA) and its inhibitor PAI-1, associated with reduced fibrinolytic potential, was shown in endothelial cells grown in high glucose [97] . Endothelial cells also exhibited an abnormal pattern of expression of adhesion molecules when exposed to high glucose concentrations, with an upregulation of E-selectin, intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 (VCAM-1) [98] .
Hyperglycaemia-induced biochemical abnormalities and cytokine alterations. Numerous observations also indicate that high glucose-induced changes in the expression pattern of these cytokines are mediated by the biochemical abnormalities triggered by hyperglycaemia.
In cultured mesangial cells, AGEs were found to induce increased expression of growth factors such as TGF-b, IGF-I and platelet-derived growth factor (PDGF), associated with ECM overproduction and reduced cell proliferation [99±101]; these effects were prevented by co-incubation with anti-AGE-receptor antibodies [99, 101] . AGEs have also been shown to induce VEGF expression, in retinal pigment epithelial [102] and Muller [103] cells; production of TNF-a [104] , IL-1 [104] , PDGF [105] , and IGF-I [106] , in monocytes-macrophages; quenching of nitric oxide [107] , activation of NF-kB [63] , overexpression of VCAM-1 [108] and increased tissue factor and reduced thrombomodulin activity [109] , in endothelial cells, and stimulation of p21(ras)-dependent MAPK and its downstream targets, NF-kB and the AP-1 complex, in vascular smooth muscle cells [110] .
The inhibition of PKC has also been shown to reduce high glucose-induced TGF-b upregulation and ECM protein synthesis [111] and an ARI-prevented glucose-induced increase in TGF-b and PKC activity [112] in cultured mesangial cells.
The events following the AGE-RAGE interaction, including the activation of NF-kB and induction of VEGF synthesis, have been shown to be prevented by antioxidants [63, 102] . Moreover, D-a-tocopherol treatment reduced high glucose-induced eicosanoid and fibronectin production in mesangial cells, together with increased DAG concentrations and PKC activity [113] .
Glucosamine synthesis via GFAT was shown to mediate the high glucose-induced increased TGF-b1 production and consequent upregulation of fibronectin and proteoglycan synthesis in porcine mesangial cells [85] and SP1-dependent upregulation of TGFb1 and PAI-1 expression in endothelial cells [84] .
Dysregulation of vascular remodelling
This altered expression of factors regulating vascular function and structure profoundly impairs the physiologic turnover of the vessel wall, thus leading to an abnormal process of vascular remodelling which underlies the vascular complications of diabetes (Fig. 4) .
Vascular remodelling under normal conditions. Under normal conditions [114] , vascular tissue homeostasis Fig. 4 . Hyperglycaemia-dependent abnormal pattern of expression of mediators modulating altered vascular remodelling by acting in a paracrine and autocrine fashion at the level of resident and non-resident vascular cells. PKC, protein kinase C; GlcN, glucosamine; ROS, reactive oxygen species; VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; aFGF, acidic fibroblast growth factor; bFGF, basic fibroblast growth factor; NO, nitric oxide; ET-1, endothelin-1; PG, prostaglandins; TX, thromboxane; AT-II, angiotensin II; ANP, atrial natriuretic peptide; PA, plasminogen activator; PAI-1, plasminogen activator inhibitor-1 is maintained through a strictly regulated balance between cell and matrix compartments, which in turn is dependent upon an equilibrium between cell replication and death, on one side, and matrix synthesis and degradation, on the other.
Cell-to-cell and cell-to-matrix interactions also participate in this mechanism, because the adhesion molecules mediating these contacts are capable of influencing back the activity of the cells expressing them, the so called ªoutside-in signallingº, as opposed to the ªinside-out signallingº, inherent in the classical adhesive function. While the resident vascular cells are in close contact with each other, their interaction with circulating elements, particularly leucocytes, is normally inhibited by shear stress, which opposes leukocyte adhesion together with a nonadhesive pattern of endothelial cell surface.
The vascular endothelium represents a barrier against the passage of macromolecules and cells from the lumen to the interstitium through the junctional and transcellular pathways of transendothelial transport. In addition, the basement membrane restrains permeation, which is dependent also on the Starling forces and the physico-chemical characteristics of circulating molecules.
The contractile elements of the vessel wall play a central role in regulating vascular tone and, hence, pressure and flow within the vessel lumen, which are regulated according to the perfusion pressure and tissue oxygen demands.
The balance between procoagulant and anticoagulant systems, i. e. platelet aggregation and intrinsic and extrinsic coagulation pathways, on one side, and natural anticoagulants and fibrinolytic pathways, on the other, operates to prevent thrombus formation.
Vascular remodelling in diabetes. In diabetes, these mechanisms are profoundly altered and hyperglycaemia seems to play a major role in this scenario, though other factors could be involved as well.
The balance between cell and matrix compartment is altered in vascular tissues of diabetic patients. Enhanced matrix deposition is a characteristic feature of diabetic vascular disease; indeed, increased basement membrane width is a widespread alteration occurring virtually in all vascular districts of the body. Abnormal matrix accumulation in the kidney is due to an imbalance between matrix synthesis, which is increased [115, 116] , and degradation, that is impaired [117, 118] , as shown also in the retina [119] . More complex are the changes involving the cell compartment, which can be either reduced, in absolute or relative terms, as a consequence of reduced proliferation and increased apoptosis, as shown in endothelial cells grown in high glucose [120, 121] . The increase in cellularity could result from either proliferation of resident cells, such as vascular smooth muscle cells, or inflow of non-resident cells, such as monocyte-macrophages.
Cell-to-cell and cell-to-matrix interactions are altered from the abnormal pattern of expression of molecules mediating these contacts and the imbalance between cell and matrix compartments, which is also influenced by the inflow of non-resident cells within the vessel wall. The increased integrin expression associated with upregulation of fibronectin production was shown to result in an increased attachment of endothelial cells to matrix proteins [122] and also to influence back cell proliferation through cytoskeletal changes [123] . An abnormal pattern of adhesion molecules on the endothelial cell surface is responsible for the increased leukocyte rolling and adhesion with subsequent migration within the vessel wall [98] .
Loss of vascular barrier function is the result of several factors, including haemodynamic changes, endothelial dysfunction, basement membrane thickening and altered physico-chemical characteristics of plasma constituents [124] . Increased deposition of circulating macromolecules within the vessel wall is the consequence of this impairment of barrier function and represents another typical feature of diabetic vascular disease [125] .
Vascular tone regulation is lost since the early phase of diabetes, with haemodynamic alterations characteristically changing throughout the natural history of the disease. Initially, blood flow is increased in several vascular districts, which applies particularly to the glomerular microvasculature [35, 37] , due to arteriolar vasodilation strictly dependent upon blood glucose concentrations. This phenomenon has been attributed to several mechanisms, including polyol pathway [35±37] and PKC [75] activation, growth hormone (GH) and glucagon [126] , ketone bodies [127] , VEGF [128] , nitric oxide [129] , eicosanoids [130] , etc. Later on, an impaired endothelium-dependent vasodilatation seems to prevail, due to the predominance of vasoconstrictors, such as ET-1, which are increased, over vasodilators, such as nitric oxide, which are reduced [131, 132] .
A procoagulant pattern is the rule in diabetic vascular disease; it is the consequence of a complex series of changes involving all the mechanisms participating in the control of haemostasis [133, 134] . Spontaneous platelet aggregation was shown to be increased in patients with Type II diabetes, as compared with control subjects [135] and a large survey indicated that both PAI-1 and tissue PA are increased in blood of IGT or Type II diabetic patients compared with normal control subjects, and correlate positively with fasting insulin concentrations, thus supporting a role for insulin-resistance [136] .
Vessel occlusion is the result of all these alterations, with increased vascular tone and vessel wall thickness, acellular capillaries and leukocyte obstruc-tion prevailing in the microvasculature, and plaque formation with superimposed thromboembolic events predominating in the macrovasculature. The resulting ischaemia and hypoxia trigger an angiogenic response of vessels to compensate for the reduced flow downstream to the occlusion. However, the efficacy of this response is dependent on the type of vessel from which the new vessels form, i. e. the microvasculature or macrovasculature.
Target organ manifestations
Though these processes are widespread, they differ from tissue to tissue depending on the anatomical and functional characteristics of target organs, which determine the local pattern of expression of mediators and the prevailing alteration of tissue remodelling occurring in response to the same noxa, i. e. hyperglycaemia and the associated metabolic derangements.
Nephropathy. In the kidney, the haemodynamic changes are an early feature, with the increase in renal blood flow and glomerular capillary pressure leading to increased GFR and proteinuria [137, 138] . In addition, the augmented blood flow is partly responsible for the glomerular hypertrophy that characterises this early phase [138, 139] . This glomerular hypertrophy has been considered as the forerunner of mesangial expansion and progressive loss of kidney function, although this sequence is not invariable in humans [7] . In this view, the growth factors thought to be involved in the development of early hypertrophy would participate also in the induction of subsequent glomerular lesions in susceptible individuals [140] .
With increasing duration of diabetes, proteinuria and mesangial expansion gradually develop. Proteinuria is initially selective, with prevailing excretion of negatively charged proteins, such as albumin and the subclass 4 of IgG [141, 142] . This phenomenon seems to be related to a progressive loss of fixed anionic charges at the glomerular level, due to a reduced glomerular content or sulfation of glycosaminoglycans [143, 144] .
Both the thickening of glomerular basement membrane and the expansion of the mesangial region result from an increased deposition of matrix, whereas the role of altered cell growth and turnover remains to be elucidated. A major contribution to matrix accumulation comes from the upregulation of its synthesis, as shown by the progressive increase in the gene expression of matrix components in glomeruli isolated from experimental diabetic rats, as compared with non-diabetic control animals [115, 116] .
Two growth factor axes have been implicated in this alteration, namely the GH/IGF-I and the angiotensin II (AT-II)/TGF-b axes, the latter also leading to an upregulation of PDGF, ET-1 and PAI-1 (Fig. 5 ). All these cytokines take part in the increased matrix deposition and mesangial expansion, though a local upregulation of TGF-b, possibly triggered by the activation of the renin-angiotensin system, seems to play a major role.
Upregulation of TGF-b was shown to occur in glomeruli of patients with diabetic glomerulosclerosis [145] and also in animals with experimental diabetes, in both the early and advanced stages of glomerular disease [115, 116, 146, 147] . Likewise, an upregulation of this growth factor has been found in several human and experimental fibrotic disorders of the kidney and other organs [148] . Blocking of TGF-b action [149, 150] resulted in the prevention of experimental glomerulonephritis.
The relation between the prosclerotic cytokine TGF-b and the activation of the renin-angiotensin system has been demonstrated by a report on cells exposed to AT-II which showed increased mRNA expression for TGF-b and various matrix components [150] . Moreover, the upregulation of matrix production induced by AT-II was prevented by an antibody against TGF-b, thus proving that the effects of AT-II on matrix turnover are mediated through TGF-b [151] . When rats with experimental glomerulonephritis were treated with the ACE inhibitor enalapril and/ or the AT1 receptor antagonist losartan, the increased matrix accumulation and TGF-b expression occurring in this model were considerably reduced [152] . This indicates that the beneficial effect of pharmacological AT-II blockade might not entirely depend on the blood pressure lowering and intrarenal haemodynamic effects but also on this inhibition of TGF-b-mediated matrix deposition. Moreover, that these abnormalities were not completely reversed even by maximal doses of these agents [152] suggests that other factors are involved in the pathogenesis of mesangial matrix accumulation in diabetes.
At variance with TGF-b, the renal IGF system seems to be activated only in experimental diabetic and post-nephrectomy glomerulopathy [153, 154] . In particular, studies in spontaneous or streptozotocininduced diabetic animals consistently showed that the kidney content of IGF-I increases during the first few days after diabetes induction and returns to normal concentrations thereafter [153, 154] , thus suggesting that IGF-I is involved in the initial renal hypertrophy associated with diabetes. Most of these studies [155, 156] did not detect a parallel increase of IGF-I mRNA expression, thus raising the question of the source of IGF-I accumulating within the kidney. This can be either local, due to increased translation of IGF-I mRNA, or circulating, due to an increased sequestration of IGF-I by IGF receptors or binding proteins (IGFBPs). IGF receptors mRNA [156] and IG-FBP expression [157] were found to be increased in short-term diabetes, though these data were not confirmed by other studies [155, 158] . At variance with the early stages of the disease, very few studies have investigated the renal IGF system in advanced diabetes. IGF-I gene expression was found to be unchanged both in glomeruli isolated from streptozotocin-induced diabetic rats with up to 24 weeks of disease duration [146] and in whole kidney samples obtained from genetically obese diabetic (db/db) mice with established nephropathy [159] . The importance of the GH/IGF-I axis is supported by the observation that mice, transgenic for a mutated GH (called bGH-G119 K), which functions as a GH antagonist, do not develop glomerular disease and do not show upregulation of TGF-b and collagen IV gene expression, at variance with the wild-type animals, when both groups were rendered diabetic [160] . Similar findings were obtained with a pegylated GH-receptor antagonist (G120K-PEG), which reduced albuminuria and led to a return to normal of glomerular volume in experimental diabetic rats [161] .
Retinopathy. In the retina, haemodynamic changes also occur early in the course of the disease and are responsible for the initial lesions detected at fundus examination. Increased blood flow and vascular permeability are observed a few weeks after the induction of diabetes in rats [36, 37] , though the increment in regional flow has been questioned. Later on, a progressive loss of endothelial cells and pericytes takes place and leads to the formation of acellular capillaries, responsible for areas of local ischaemia. A study has provided the first evidence of this phenomenon in human diabetes, in both retinal endothelial cells and pericytes [162] .
The extension of ischaemia within the retinal tissue signs the progression from background to proliferative retinopathy. Hypoxia is a potent stimulus for the angiogenic cytokine VEGF, which is invariably increased at this stage, as shown in the ocular fluids of patients with active proliferative retinopathy [163] . The VEGF response, which is also directly stimulated by hyperglycaemia and associated biochemical abnormalities, such as AGE accumulation [102, 103] and PKC activation [164] , is very active and results in excess angiogenesis (Fig. 6) . IGF-I appears to play a permissive role in VEGF action at the level of MAPK activation [165] . The participation of these growth factors in the angiogenic response to retinal ischaemia was shown in a mouse model of neonatal retinal neovascularization. In this model, intravitreal injection of antisense oligonucleotide against murine VEGF was capable of preventing new vessel formation, as compared with noncomplementary antisense oligonucleotide [166] . The same effect on angiogenesis was produced by injection of soluble VEGF-receptor chimeric proteins [167] or treatment with an anti-IGF-I receptor-antibody, which blocked the permissive action of IGF-I on VEGF [165] .
Unfortunately, the new vessels formed at this level are not competent and very fragile, since they originate from retinal capillaries or venules. As a consequence, they are not capable of compensating for reduced blood flow and also break easily, thus leading to haemorrhage, which rapidly precipitates the impairment of vision.
Based on the conclusion that neovascularization exerts a detrimental effect on the course of retinopathy, several therapeutic approaches have been proposed for inhibiting angiogenesis at the retinal level [168] (Table 2) . These agents could be delivered intravenously but because of the need for local action and the potentially harmful effect elsewhere at arterial level, it would be preferable to administer these intraocularly or intravitreally, though these procedures might cause adverse (local) effects. Preliminary re- sults in a small group of diabetic patients treated with octreotide, a somatostatin analogue, which can mimic the effect of hypophysectomy, indicate that retinal deterioration is slowed down, as compared with untreated subjects [169] .
Macroangiopathy. In the arteries, the first alteration in the natural history of macroangiopathy seems to be the ªendothelial dysfunctionº, a complex derangement of endothelial cell function linked to hyperglycaemia but also to other factors acting in the metabolic syndrome, such as dyslipidemia, hypertension and insulin resistance. All the functions of endothelial cells are involved in this alteration, including cell and matrix turnover, production of vasoactive agents and coagulation factors, expression of adhesion molecules and barrier properties, which shift from an antiatherogenic to a proatherogenic pattern [125, 170] .
Increased lipid and lipoprotein concentrations and, particularly, oxidative and glycoxidative modification play a major part in plaque formation [171, 172] ; modified LDL bind to the MSR instead of the LDL receptor, thus leading to the formation of foam cells [171, 172] . Once plaque is formed, it can remain quiescent indefinitely or progress more or less rapidly towards rupture and thrombus formation on its surface [173, 174] . The importance of changes in the expression of factors modulating thrombogenesis and fibrinolysis at plaque level is indicated by the clear antifibrinolytic pattern resulting from a decrease of PA and an increase of its inhibitor PAI-1 in specimens from coronary arteries [175] . Thrombosis and embolic dissemination are the main causes of large artery obstruction in diabetic and non-diabetic patients [176] .
The response to ischaemia is similar to that observed at microvascular level in that it is mainly mediated by an upregulation of VEGF. At variance with retinopathy, however, the response of VEGF is blunted in peripheral and coronary arteries and neovascularization is impaired, despite that it leads to the formation of competent vessels, which are capable of compensating for the reduced flow downstream from the occlusion (Fig. 6) . This has been shown in a model of hindlimb ischaemia in the NOD mouse, in which neovascularization could be improved by gene therapy with adeno-VEGF [177] .
Therefore, the main therapeutic approach for stimulating angiogenesis [178] (Table 3) at the level of peripheral and coronary arteries is the use of angiogenic growth factors, the so called ªtherapeutic angiogenesisº. These agents can be delivered intravenously or even better locally. This approach has been attempted in patients with diabetic and non-diabetic occlusive angiopathy of the peripheral and coronary circulation, with encouraging results [179, 180] .
Conclusions
The question arises as to how all these devastating effects of diabetes at the vascular level can be prevented.
First of all, tight metabolic control remains the milestone intervention in vascular complications and new tools for achieving true euglycaemia should be actively searched for, because the more upstream the intervention the less are the consequences of longterm diabetes.
Efficient prevention and therapy of diabetic vascular complications also requires the search for and treatment of independent risk factors, which can affect vessels independently of hyperglycaemia. These factors include the known risk factors for cardiovascular disease, i. e. hypertension, dyslipidaemia and the other features of metabolic syndrome related to insulin resistance, cigarette smoking, sedentary life- Blockade of angiogenic growth factors (VEGF) ± a-VEGF ± VEGF oligonucleotides ± VEGF receptor chimeric proteins ± PKC inhibitors Inhibition of signal transduction ± a-IGF-I receptor ± octreotide ± PKC inhibitors Inhibition of endothelial cell contacts ± a n b 3 integrin blockers ± MMP inhibitors MMP, matrix metalloproteinases style, positive family history, etc. Moreover, the identification of markers of susceptibility to one or more of these sequelae would allow more aggressiveness in the achievement of tight glycaemic control and search for initial lesions in those patients who are predisposed to complications than in those who are not. Because residual hyperglycaemia is the rule even with the most intensive hypoglycaemic intervention in the majority of patients, blockade of biochemical events triggered by intracellular disposal of excess glucose could be required. However, agents inhibiting the polyol pathway, PKC activity, AGE formation and oxidative stress have not been proven so far to be useful in preventing or treating vascular complications in humans. The elucidation of the interrelation and hierarchy among the various metabolic and biochemical abnormalities associated with hyperglycaemia might indicate the correct therapeutic approach at this level of the pathogenetic cascade.
Finally, due to the district specificity of pathogenetic mechanisms operating in diabetic vascular disease, the more downstream we plan the intervention the more targeted to an individual tissue it has to be. Therefore, the understanding of the relation between hyperglycaemia, the altered pattern of expression of various mediators and the dysregulated vascular remodelling at the level of the target tissues would allow design of therapeutic approaches targeted to the individual tissue and to the relevant biochemical, functional and structural alterations. 
